ABSTRACT Prolonged nontransmural ischemia was produced and the early and late effects of reperfusion were studied in 10 conscious dogs instrumented over the long term. Five hours of partial circumflex coronary artery-stenosis was produced with a hydraulic occluder, followed by gradual release over 20 min, with measurements of left ventricular pressure, regional myocardial function (systolic wall thickening by sonomicrometry), coronary blood flow velocity (pulsed Doppler), and myocardial blood flow (microspheres). During coronary stenosis the occluder was adjusted frequently to maintain a reduction of systolic wall thickening to 50% to 75% of control (average 62.6% of control). Myocardial blood flow in the ischemic area at 4 hr of partial coronary stenosis was reduced in the inner layers of the myocardium (subendocardium, from 0. 170-182, 1983. WITH the advent of surgical and nonsurgical revascularization of ischemic myocardium in man, coronary artery reperfusion has become an important therapeutic intervention. Many investigators" have reported the effects of reperfusion on ischemic myocardium after various periods of total coronary occlusion, but the value of this intervention remains controversial. The question of whether or not prolonged but revers- 
WITH the advent of surgical and nonsurgical revascularization of ischemic myocardium in man, coronary artery reperfusion has become an important therapeutic intervention. Many investigators" have reported the effects of reperfusion on ischemic myocardium after various periods of total coronary occlusion, but the value of this intervention remains controversial. The question of whether or not prolonged but revers-LABORATORY INVESTIGATION-CoRONARY ARTERY DISEASE kg iv; Med-Tech. Inc.) 30 min before induction of anesthesia with sodium pentobarbital (30 mg/kg iv). After endotracheal intubation, the heart was exposed through a left thoracotomy in the fifth intercostal space and the pericardial sac was opened widely. Respiration was maintained with room air by means of a Harvard respiratory pump. A Konigsberg (P7) high-fidelity transducer and a Tygon fluid-filled tube (1.27 mm id) were inserted through a stab wound in the apex to measure left ventricular pressure. Direct measurement of left ventricular pressure was made through a fluid-filled tube with a Statham P23Db transducer to calibrate the Konigsberg gauge, with zero reference taken at the estimated level of the right atrium while the dog lay on its right side, a position used throughout the study. In seven dogs, Tygon tubes were inserted into the left atrium and descending aorta to inject microspheres and withdraw a reference blood sample. The left circumflex coronary artery was dissected free near its origin, and a single crystal (10 MHz) Doppler flowprobe was placed around it for monitoring coronary blood flow velocity. The flow velocity signals were processed with a pulsed Doppler flowmeter fabricated in this laboratory that was synchronized with the ultrasonic dimension system, enabling simultaneous measurements of flow velocity and myocardial dimensions. A hydraulic cuff occluder was then placed around the vessel distal to the flowprobe.
For the measurement of regional wall thickening dynamics, two pairs of miniature ultrasonic crystals (5 MHz) were implanted in the left ventricular wall. One pair was positioned in the left ventricular posterior wall supplied by the left circumflex coronary artery to measure "ischemic wall" thickness. The other was placed in the left ventricular anterior wall, perfused by the left anterior descending coronary artery to measure "control wall" thickness. One crystal (2 mm diameter) of each pair was inserted tangentially through the ventricular wall to the subendocardium. 12 The second crystal (3 mm diameter), attached to a Dacron patch, was sewn on the epicardial surface over the position of the subendocardial crystal, where the ultrasonic transit time between the crystals was shortest on an oscilloscope. The chest was then closed, the pneumothorax was evacuated, and all wires and tubes were passed subcutaneously to the back of the dog and brought through the skin between the scapulae. An antibiotic (ampicillin, 0.6 g/day) was administered for 3 days after surgery. Before and after operation, each dog was trained to lie quietly on a laboratory table for several hours.
At autopsy we evaluated the position of the subendocardial crystals and the alignment of each pair of crystals. In the ischemic wall the inner crystal was perfectly positioned just inside the subendocardial surface in seven of the 10 dogs. In the remaining three dogs the inner crystal was contained in the inner one-fourth of the wall. In one of the 10 dogs, the alignment of the crystal pair in the control area was poor, and this set was excluded from the study.
Regional myocardial blood flow. Regional myocardial blood flow was determined by injecting radionuclide-labeled microspheres by the reference withdrawal method. 13 For each blood flow determination, we injected approximately 3 x 106 microspheres of 15 ,um diameter labeled with one of six different isotopes (57Co, 51Cr, 113Sn, '03Ru, 95Nb, or 46Sc; New England Nuclear). Each dose of microspheres was injected via the left atrial catheter within approximately 5 sec and then flushed with 5 ml of warm saline. The arterial reference sample was withdrawn via the aortic catheter at a constant rate (8.0 ml/ min), beginning before microsphere injection and continuing for 90 sec. Microsphere suspensions were Vortex-agitated for at least 15 min just before injection, and adequate dispersal was verified by microscopic examination of a drop of the microsphere suspension.
The injections of the microspheres reported in these experiments resulted in no changes in heart rate, left ventricular pressure, left ventricular wall dimensions, and coronary flow velocity during the interval of injection and collection of the reference blood sample. Immediately after the end of the experiment, the dog was killed with a KCl injection following an overdose of barbiturate. The heart was removed and the left and right coronary arteries were flushed gently with saline and then Formalin, and the heart was placed in 10% Formalin for 3 to 5 days to facilitate sectioning. The atria, right ventricle, blood vessels on the left ventricular surface, and epicardial fat were removed and discarded. The left ventricle was then sliced parallel to the minor equator into four sections (each about 1.5 cm thick). The slice containing the posterior wall crystals was divided into eight transmural pieces weighing 3.5 to 4.5 g each, and a piece of similar size containing the anterior wall crystals was also removed. The papillary muscles were removed separately if they were not in the slice containing the crystals. Each piece of tissue was subdivided into three transmural blocks of approximately equal thickness with the crystals in the center block. Each of these blocks was then further divided into three smaller pieces to obtain subendocardial, midwall, and subepicardial samples. The pieces from the two blocks not containing the crystals were weighed and placed in dry counting vials for assay of radioactivity in the transmural layers. For later histologic studies, the pieces of tissue from the blocks containing the ischemic and control crystals were weighed and placed in counting vials with 10% Formalin added. The posterior and anterior papillary muscles were also assayed for radioactivity and subjected to histologic examination.
The myocardial and reference blood samples were counted in a Packard Autogamma Spectrometer (Model 5912) at an optimum window setting selected to correspond to the peak energies of each nuclide. The counts per minute recorded in each window were corrected for background and activity contributed by the accompanying isotopes. With a programmable HewlettPackard calculator (Model 9825A), flow to each area of the myocardium (ml/min) was calculated by the following equation: Qm = (Cm x Qr)/Cr where Qm = myocardial blood flow (ml/min), Cm = counts/ min in tissue sample, Qr = withdrawal rate of the reference blood sample (ml/min), and Cr = counts/min in the withdrawal blood sample. Myocardial blood flow (ml/min) was divided by the sample weight and expressed as milliliters per minute per gram.
Data are reported from only the pieces of tissue containing the crystal pairs, but the entire slice (eight pieces) was counted, and the piece containing the crystal pair was always representative of the central ischemic zone.
Gross and histologic studies. Before fixed slices of the left ventricle were cut, tracings were made on a Plexiglas overlay of the outlines of the endocardial and epicardial surfaces of the ventricle; the locations of any areas of gross necrosis and of the ultrasonic crystals were also drawn on the overlay. Three tissue blocks were cut as described above from the piece of tissue containing the crystals, both in the normal and ischemic regions, and the radioactivity of the crystal sites was determined before histologic slides were made. After counting, each of the three blocks from crystal sites in the free wall and papillary muscle was divided so that three slices for microscopic analysis were obtained from representative layers across the block; therefore, nine slides stained with trichrome were available for each region containing crystals. age was determined. The trichrome staining technique clearly distinguished old scar from the more recent ischemic damage. To correct for variations in the size of each piece of myocardium, it was assumed that each crystal visualized a transmural section encompassing 0.5 cm square, so that the area across the wall viewed by each crystal was about 0.25 cm2. The tissue necrosis was then expressed as the mean of the nine slides from each transmural piece, and the ischemic damage was expressed as a percentage of the 0.25 cross-section rectangle across the wall viewed by the crystal.
Damage to the posterior papillary muscle was determined by the mean of the three transmural thicknesses from the posterior papillary muscle. Any damage seen was nearly always at the tip of the posterior papillary muscle. In three normal dog hearts, it was determined that the posterior papillary muscle weight averaged 3.0 + 0.2 g/l00 g of left ventricle; therefore if the whole papillary muscle were infarcted, the left ventricle would have at least a 3% infarction. The percentage of infarct for the entire ventricle was estimated by taking the percent of infarct of each posterior papillary muscle plus adjacent ischemic damage.
Study protocol. The experiments were performed at least 14 days after surgery, when the dogs had completely recovered. Thirty minutes before the study, 0.4 to 0.5 mg/kg acepromazine maleate was injected subcutaneously, and the conscious but slightly sedated dog rested quietly on its right side on the table throughout the study. A catheter was inserted into the bladder for urinary drainages and an intravenous infusion of saline (50 ml/hr) was given throughout the study.
After a 30 min period for the dog to adapt to the room environment, a control injection of microspheres was made together with control recordings. Partial coronary stenosis was then created with the hydraulic occluder and a screw-driven syringe. Systolic thickening of the ischemic wall and coronary blood flow velocity were continuously monitored, and the hydraulic occluder was adjusted frequently to maintain systolic wall thickening at a level reduced by -25% to -50% (50% to 75% of the control thickening value). With a special circuit, end-systolic wall thickness in the ischemic area was also continuously monitored, which facilitated the maintenance of systolic thickening of the ischemic wall within the above range. Every 15 min, recordings were made on tape of hemodynamic data, control and ischemic wall thickening, coronary blood flow velocity, and a unipolar electrogram from the subendocardial crystal in the ischemic area. At 4 hr of partial stenosis, another injection of microspheres was made. At 5 hr of partial coronary stenosis, the occluder was gradually released over 20 min to minimize myocardial damage caused by abrupt reperfusion. Immediately after full release of the cuff, another set of microspheres was injected. After reperfusion, hemodynamic and wall thickening variables were recorded every 30 min for 2 hr on the first study day, every 24 hr for 3 days, and again at 7 days. During the first 2 hr after reperfusion, ectopic ventricular beats and bursts of ventricular tachycardia were observed in eight of 10 dogs. Accordingly, only the data obtained at 24 hr after reperfusion are reported. Three days after reperfusion, a fourth set of microspheres was injected, and after the recordings were made at 7 days, a fifth set of microspheres was injected. Thereafter, partial coronary stenosis was again induced to reproduce the reduction of ischemic wall thickening observed during the 5 hr period of stenosis, and a sixth set of microspheres was injected.
Serum creatinine kinase (CK) was measured by a standard method'5 at control, 5 min before occluder release, and at 15 min, 2 hr, and 24 hr after reperfusion.
Data analysis. All recordings were made on a Brush forcedink recorder and on magnetic tape for later playback and computation. The variables analyzed were ischemic and control wall thickness at end-diastole (at the time the first derivative of left ventricular pressure [dP/dt] crossed zero) and end-systole [defined as the maximum systolic excursion occurring within 20 msec before peak ( -) dP/dt],16 extent of systolic wall thickening, left ventricular peak and end-diastolic pressures, mean and phasic coronary blood flow velocities, ST segment elevation on the subendocardial unipolar electrogram in the ischemic area, and heart rate. By means of an active differentiating circuit dP/ dt was obtained and calibrated against a triangular wave of known slope. Active wall thickening was calculated as the ratio of end-systolic thickness minus end-diastolic thickness to enddiastolic thickness times 100 and the result was termed "%A wall thickening." The values for wall thickness were normalized to a 10 mm initial end-diastolic thickness by dividing the end-diastolic and end-systolic wall thickness by the control enddiastolic wall thickness and multiplying by 10.12 In the ischemic area the absolute values of end-diastolic wall thickness ranged from 9.59 to 13.91 mm (average 11.66 ± 1.53) during control conditions before partial coronary stenosis. Mean thickening velocities (mThV) of the ischemic and control walls were calculated by the following equation: mThV = ESWTh -EDWTh/ ET, where ESWTh = end-systolic wall thickness, EDWTh = end-diastolic wall thickness, and ET = left ventricular ejection time defined as the interval between the time of maximum (+ )dP/dt and 20 msec prior to peak (-)dP/dt.
Data were digitized from tape with a computer system (PDP/ 11/03). Twenty consecutive cardiac cycles were sampled and averaged at control every 15 min during partial coronary stenosis and after reperfusion. Data during each condition were analyzed with a repeated-measurements analysis of variance procedure. 17 When overall significance was found with the analysis of variance, Tukey's method of multiple comparisons'8 was used to delineate which paired comparisons were significantly different. Data from the brief coronary stenosis at 7 days after reperfusion were compared with data at 4 hr of partial stenosis (the time of second microsphere injection) by a paired t test. All data are expressed as the mean ± SD.
Results
Hemodynamic data. Hemodynamic data are summarized in table 1 figure 3) .
Myocardial blood flow. Averaged myocardial blood flow data in each experiment from the ischemic area (posterior wall) and the control area (anterior wall) are presented in table 3A and are summarized graphically in figure 5 . Normalized blood flow data in the ischemic area (expressing flow as a decimal fraction of blood flow in the control area) are presented in table 3B. At rest, mean transmural, papillary muscle, subendocardial, midwall, and subepicardial blood flows at rest were not significantly different in the anterior and posterior areas between each crystal pair ( Immediately after complete release of the hydraulic occluder, significant reactive hyperemia was seen in the inner layers of the myocardium in the ischemic area: PPM, 1 93 + 0.54 ml/min/g (p < .01); endocardium, 1.37 + 0.39 ml/min/g (p < .01); midwall, 0.97 + 0.28 ml/min/g (p < .05). Epicardial blood flow was not changed (0.65 ± 0.13 ml/min/g; NS). Three days after reperfusion, PPM blood flow remained slightly depressed (0.78 + 0.14 ml/min/g, 82% of control; NS) and endocardial, midwall, and epicardial blood flowsaveraged0.77 + 0.11, 0.69 + 0.14, and0.55 + 0.09 ml/min/g, respectively; values were not significantly different from control. The endocardial/epicardial ratio was not different compared with the control value at this time. At 7 days after reperfusion, PPM blood flow was decreased slightly (0.76 ± 0.0 ml/min/g; NS), while in all other layers between the wall thickness crystals blood flows were normal.
After recordings at rest, a brief period of partial stenosis was produced to mimic the same reduction of systolic wall thickening in the ischemic area that occurred during prolonged coronary stenosis. Myocardial blood distribution showed the same pattern as during prolonged stenosis (tables 3A and 3B, figure 5 ).
Myocardial blood flow and function relations. The relationship between myocardial blood flow and function in the ischemic area at control, 4 hr into partial stenosis, immediately after reperfusion, and 3 and 7 days after reperfusion are summarized graphically in figure   CIRCULATION 6 . Systolic wall thickening at each time is normalized as a decimal fraction of systolic wall thickening of control conditions before partial stenosis, and myocardial blood flow was normalized as a decimal fraction of control area (anterior wall) blood flow. During partial stenosis, endocardial (figure 6, upper panel) and mean transmural blood flow were decreased to 50.5% and 70.6% of control values, respectively, accompanied by reduction of systolic wall thickening to 62.4% of control. After reperfusion (3 in figure 6 ) reactive hyperemia was seen limited to the endocardium (188.3% of control) and midwall, while systolic wall thickening in the ischemic wall remained depressed at 68.6% of control. Three days after reperfusion (4 in figure 6 ) myocardial blood flow had returned to control level, but systolic wall thickening was still depressed (84.2%). At 7 days after reperfusion, wall function had returned to control (94.1 + 7%) and myocardial blood flow was normal. The relationship between wall function and myocardial blood flow at 7 days during brief partial coronary stenosis (dashed line 5 to 6, figure 6 ) was almost identical with that on the first study day. rhage upon reperfusion might increase necrosis within the compromised zone, it did not influence the perimeters of the ischemic area. Other investigators have reported that hemorrhage occurred within the margins of the infarcted myocardium and that reperfusion did not increase the quantity of ischemic tissue that eventually became necrotic .24,2 Improvement of left ventricular function immediately after reperfusion has been observed by some investigators.1' 2,68 Theroux et al.8 in this laboratory reported improvement of regional myocardial function in five conscious dogs over a 4 week period after coronary reperfusion, following a 2 hr period of complete coronary occlusion. In the ischemic segments the extent of shortening immediately improved but then deteriorated early after reperfusion. However, function in fully ischemic zones was slightly improved at 3 and 4 weeks after reperfusion compared with permanent coronary occlusions, while hypokinetic segments showed gradual recovery of shortening completely to control levels by 3 to 4 weeks.8 Constantini et al.7 examined hemodynamic variables and regional wall function immediately and 7 days after reperfusion, following either 3 hr occlusions or permanent occlusion of the left anterior descending coronary arteries in dogs. Hemodynamic and regional wall functional parameters deteriorated during coronary artery occlusion and at 1 hr after reperfusion but had returned toward preocclusion levels at 1 week after reperfuson. Puri29 Changes in systolic wall thickening in the ischemic area during partial coronary stenosis and after reperfusion plotted as a percent of control at frequent intervals to indicate the sustained nature of the regional dysfunction. Points are -+-1 SD -note that this is within the limits of a 25% to 50% decrease in function (cross-hatched area). After reperfusion systolic wall thickening initially remained depressed but showed late recovery. At 24 hr after reperfusion, five of 10 dogs had dysrhythmia, so that only the data obtained from the remaining five dogs were analyzed. See legend to figure 1 for statistical myocardium, and even in the PPM, which exhibited an average of 30% ischemic damage, while systolic wall thickening in the ischemic area remained depressed. Heyndricks et al. 3 ' reported that reperfusion after a 15 min coronary occlusion resulted in a prolonged period of reduced regional myocardial blood flow, particularly in the endocardial layers, which correlated with the prolonged depression of regional myocardial shortening and wall thickening. Fifteen and 30 min after reperfusion, transmural blood flow in that study remained significantly depressed by 20% and 18%, respectively, associated with significantly depressed systolic wall thickening in the ischemic area. This difference from our study may relate to the marked differences in the period and degree of ischemia in these two studies; moreover, we did not measure myocardial flow again until 3 days, when myocardial blood flow distribution was normal. Wall performance was still depressed, however, at that time, and therefore the lengthy depression of regional myocardial function did not correlate with a prolonged reduction of regional myocardial blood flow. It is possible that partial infarction of the posterior papillary muscle could have produced papillary muscle dysfunction with some degree of mitral regurgitation and might thereby have influenced regional function in the ischemic zone. This possibility cannot be completely excluded, but it is unlikely that such an occurrence importantly influenced the recovery of regional function in the free wall of the ischemic zone. In general, papillary muscle dyfunction tends to diminish during the initial days after myocardial infarction; the 180 occurrence of significant mitral regurgitation should have produced enhanced function in the normal zone early after the release of coronary stenosis, with subsequent return toward normal. In fact, changes of function in the normal zone were not statistically significant, suggesting the absence of appreciable mitral regurgitation.
The duration of the abnormality in regional contraction was surprisingly long, although there was rapid return to normal of the subendocardial electrographic changes and myocardial blood flow. The mechanism of the contractile defect is uncertain, but it could relate to abnormal metabolism, reduced energy stores, and/ or damage at the ultrastructural level. Lang et al. 4 reported that reperfusion after 3 hr of occlusion exacerbated already abnormal potassium and lactate metabolism in the anesthetized animal. On the other hand, Puri29 reported that reperfusion after 45 min of coronary occlusion resulted in complete restoration of both ATP and creatine phosphate levels in anesthetized dogs; in animals with 1 to 3 hr of coronary occlusion, contractility failed to return in the immediate postperfusion period, but delayed return was recorded after 2 weeks of reperfusion. High-energy phosphate content of the reperfused myocardium showed a pattern similar to that of contractile recovery.29 Myocardial cell swelling and edema during ischemia36' 37 and after reperfusion are also potential causes of delayed recovery of myocardial contractility. Sharma et al. 27 reported that reperfusion after 60 and 90 min of ischemia produced swelling of the sarcoplasmic reticulum and mitochondrial damage. In our study, during the early phase of CIRCULATION reperfusion EDWTh in the ischemic area was increased significantly in association with reactive hyperemia while wall thickness in the control area was unchanged (tables 2 and 3, figures 3 and 5), but mean coronary flow velocity and EDWTh in the ischemic area had returned to control levels at 24 hr after reperfusion, giving no definite evidence of edema. EDWTh in both the ischemic and control areas was decreased significantly at 7 days after reperfusion, suggesting possible use of the Frank-Starling mechanism by both the surviving and the normal cardiac fibers, or perhaps slight tissue loss in the ischemic region.
Our results indicate that prolonged moderate regional dysfunction caused by nontransmural ischemia during partial stenosis can be sustained for 5 hr and that reperfusion is followed by full recovery of regional and global contractile function within a period of 1 week. They further document that a wall motion disorder so produced can persist for several days yet can be completely reversible. These findings may have relevance to the effects of prolonged ischemic episodes in man, to the potential reversibility of sustained regional wall motion abnormalities not caused by infarction, and to the potential effects of reperfusion by thrombolysis or other means on partially perfused zones associated with acute myocardial infarction.
